Abstract-A novel demultiplexing method using the interferometric cross-correlative technique is described and experimentally demonstrated for detecting ultrahigh-speed optical signals. In the proposed technique, cross correlation between the local pulse is observed through the first-order mixing of lightwaves to detect the existence of signal pulses. The only factor limiting the bit rate is the pulse width of the local oscillator's light: the responses of all other phenomena including detector's electrical circuits do not affect the maximum signal detection speed. Several characteristic of the detection method are clarified through the theoretical investigation. In an experiment, the demultiplexed detection of a 25 Gb/s pulse train is successfully demonstrated, for the first time to the author's knowledge, using the proposed method.
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Abstract-A novel demultiplexing method using the interferometric cross-correlative technique is described and experimentally demonstrated for detecting ultrahigh-speed optical signals. In the proposed technique, cross correlation between the local pulse is observed through the first-order mixing of lightwaves to detect the existence of signal pulses. The only factor limiting the bit rate is the pulse width of the local oscillator's light: the responses of all other phenomena including detector's electrical circuits do not affect the maximum signal detection speed. Several characteristic of the detection method are clarified through the theoretical investigation. In an experiment, the demultiplexed detection of a 25 Gb/s pulse train is successfully demonstrated, for the first time to the author's knowledge, using the proposed method.
I. INTRODUCTION
A LTHOUGH electronic devices connected to fiber-optic lines offer over processing speeds of over 10 Gb/s, they still do not match the potential bandwidth of optical fibers. Signal processing in the optical domain attempts to eliminate this restriction [1] . To date, various approaches including nonlinear phenomena in optical fibers [2] and semiconductor laser amplifiers [3] have been intensively investigated, however, such approaches often need large energy of pulses and/or long interaction lengths due to the low sensitivity of the ultrafast phenomena used. The interferometric techniques [4] - [8] , which use the first-order correlation between two pulses, were developed for detecting ultrafast optical packets [9] , [10] and demultiplexing optical signals [11] . These detection techniques can be regarded as a kind of coherent detection, wherein the local oscillator provides modulated light or short pulses. If a local oscillator pulse is used to establish the interferogram against the signal, the interferogram reflects the signal amplitude at the time when the local pulse arrives. Since the only factor limiting the signal bit rate is the pulsewidth of the local oscillator, this technique enables conventional electrical circuits to handle ultrafast signals with moderate optical power. This paper describes a novel demultiplexing technique based on the interferometric cross-correlation approach and investigates its feasibility of deployment in ultrafast lightwave communication systems. Section II describes the principle, and the demultiplexing operation is experimentally demonstrated in Section III. Section IV clarifies the potential of the proposed Manuscript received March 11, 1996 ; revised October 9, 1996. The author is with the NTT Optical Network Systems Laboratories, Kanagawa-ken 238-03, Japan.
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method for detection sensitivity and available demultiplexing ratio. Section V summarizes the achievements of this paper.
II. THEORY OF PRINCIPLE

A. Outline of Operation
The principal configuration for detecting an amplitudemodulated high-speed signal is shown in Fig. 1 . The signal lightwave and the light from the local oscillator are injected into each port of an optical 90 hybrid to yield the interference of mutual phase difference. The local oscillator provides short pulses whose width is similar to that of the signal pulse and whose repetition rate is identical to the demultiplexing rate. The optical frequencies of the two waves must coincide within where is the pulse width. Thus the current difference observed by the two detectors, which is caused by the formation of the interference fringe, occurs only when the signal amplitude is "1" at the time-slot wherein the local pulse exists. The signal in this specific time-slot can be detected by watching the interference fringe with detectors whose response can be as slow as the demultiplexing rate
The phase diversity technique [12] , squaring both balanced-detectors' outputs and adding them, allows the signal amplitude of the specific time slot to be detectable regardless of the mutual phase difference between the signal and local oscillators.
B. Theoretical Treatment
Consider a return-to-zero (RZ) signal sequence which consists of a coded optical pulse train (see Fig. 2 ). We represent the complex expression of the normalized electrical amplitude of the signal pulse as (1) where is given by that expresses the amplitude and frequency variation. is the initial phase of the light.
is the center frequency. Here, is normalized to satisfy
The signal pulse train is given by (2) 0733-8724/97$10.00 © 1997 IEEE Fig. 1 . Schematic configuration of the proposed demultiplexer. The interference between the signal pulse train and the local oscillator pulse is observed by a pair of balanced photodetectors with phase-diversity configuration to eliminate the effect of random phase walk of the lightsources. The following electrical signal operations are carried out at the demultiplexing rate that is usually much slower than the bit rate. where is the energy of th pulse and is the bit interval. means the pulse shape of the signal. For demultiplexing operation, a pulse from the local oscillator is injected at the time when the desired signal bit reaches the optical 90 hybrid. The local oscillator pulse prepared for extracting the zeroth bit is given by (3) is the energy of the local pulse. If the optical frequencies of the signal and local pulse beam are close to each other, a photocurrent is induced in the balanced photodetector through their interference. Assuming that the response speed of the phoodetector is , the photocurrent and of the individual detectors in the -arm are given by (4) and (5) respectively where is the electron charge, is the quantum efficiency, and is the photon energy. The photocurrent induced in the -arm is c.c. (6) where denotes the complex conjugate. On the other hand, in the -arm, the phase of is delayed by when reaching the combiner in front of the balanced detector, so the photocurrents of the individual detectors are given by (7) and (8) The photocurrent in the balanced detector in the -arm is c.c. (9) Equation (6) is calculated as (10) where is given by (11) denotes the real part. The first term of the parenthesis of (10) shows the amplitude of desired signal which reflects the code of the demultiplexed bit, while the second term shows the undesired crosstalk caused by the interference between the needless signal bits and the foot of the local pulse. If the local pulse is an ideal one whose electrical field is small in the undesired time-slot, these crosstalk terms are negligible. In such a case, the photocurrent of the -arms is given by (12) In the same manner from (9), we obtain the photocurrent of the balanced detector of the -arm as follows: (13) Squaring both the -and -arms and adding them, the output signal power is represented by (14) where again is given by (15) We see in (14) that the output signal reflect the code of the desired 0th bit, regardless of the other time-slots. The signal amplitude is proportional to which reflects the first-order correlation between the two pulses. Note that is independent of the initial optical phases and of the pulses, whose difference randomly walks around unless the phase-lock loop is used.
Consider the complex amplitude spectra of the pulses which is given by From Paeseval's theorem, is rewritten as (16)
C. Detection Sensitivity
The detection sensitivity of the demultiplexed detection scheme described above is analyzed as follows. For simplicity, we consider the ideal case where the waveforms of the signal and local lightwaves are identical, so we can assume that Then from (14) , the signal power is given by (17)
The average noise power is given by the second-order moment of . The fluctuation of is caused by those of and through the envelope detection of (14) . If we assume that the shot-noise is dominant in the detectors compared to the thermal factor, the current variations of -and -arms are given by (18) where is the total photocurrent induced in the -or -arm and is given by (19) is the receiver's bandwidth which can be assigned as and is the number of the signal pulses included in the unit of demultiplexing cell, in which one local pulse is delivered. If we assume the case that the signal amplitude is much larger than its variation then only the current fluctuation of the in-phase arm dominates the fluctuation of because the fluctuation of the out-of-phase arm induces only phase variation and negligibly influences the signal amplitude. Therefore, in this case, From (17) to (20), the signal-to-noise ratio of the detection system is represented by (20) which is equivalent to the ASK heterodyne sensitivity.
III. APPLICATION TO FIBER TRANSMISSION SYSTEMS
As described in the section above, the detected signal amplitude depends on the spectra of the signal and local pulses: their spectra must be similar to enhance detection signal amplitude. In practical communication systems, however, there are several factors which vary the signal spectrum. This section considers a few of the important factors causing the spectral mismatch, and we show that the proposed spectral correlative technique is useful for detecting signals in lightwave communication systems.
A. Effect of Frequency Detuning
We first consider the effect of frequency detuning of the local oscillator pulse. Since the local oscillator is usually located at the receiver side separately from the transmitting laser, optical frequency detuning is inevitable. The effect of frequency detuning can be incorporated into (5) by replacing the waveform of the local pulse by (21) where is the detuning frequency. Fig. 3 shows the dependence of the detected signal amplitude on the amount of frequency detuning. We assume that both the signal and local pulses have a Gaussian shape expressed by (22) where is full-width at half maximum (FWHM) of the squared electrical amplitude. It is seen in Fig. 3 that the frequency detuning of 0.3 causes the signal degradation of 3 dB. When the signal speed exceeds 100 Gb/s, the pulse width must be less than 3 ps and so the allowable frequency detuning is around 100 GHz, or 0.7 nm at 1550 nm wavelength. The frequency (wavelength) control with such tolerance can be achieved in any types of recently developed pulse sources such as mode-locked Er-doped fiber ring lasers [13] and gain-switched semiconductor lasers [14] : the requirement of frequency control is not a bottleneck of the proposed demultiplexing technique.
B. Effect of Spectrum Change Through Fiber Transmission
In the described cross-correlative technique in fiber-optic communication systems, the signal pulse is detected after propagating through the transmission optical fiber. The nonlinearity and dispersion of the transmission fiber may change the pulse spectrum resulting in a decrease in the degree of spectral matching against the local pulse. While the effect of dispersion can be canceled by dispersion compensation technique such as using dispersion compensation fibers or coherent transversal optical filters, the spectral broadening caused by the nonlinear self-phase modulation (SPM) seems to be more difficult to eliminate. For this reason, this section investigates the effect of SPM on detection signal amplitude Again, we assume that the signal and local pulses have an identical Gaussian waveform given by (22). If the effect of dispersion can be ignored, the signal pulse waveform after passing an optical fiber creating the self-phase modulation is (23) where (24) is the constant related to the fiber nonlinear coefficient and the light intensity. The detection signal amplitude with SPM was investigated by using (24) as the signal waveform, while the shape of the local pulse remains pure Gaussian. Fig. 4 shows the normalized signal amplitude as a function of the peak phase change through SPM. We see that the degree of the spectral matching decreases with increasing phase modulation, and a degradation of 3 dB occurs at the peak phase change of 3 radians. Considering that typical nonlinear coefficients of optical fibers lie around 2 W km the allowable transmission distance limited by 3 radian phase change is as long as 150 km at 10 mW power or 1500 km at 1 mW power, even ignoring absorption loss. Although a more precise analysis is necessary for truly practical design, this simple estimation seems promising given the problem of nonlinear spectral change.
C. Effect of Crosstalk Terms
In this section, we investigate the effect of the crosstalk terms in (10) . These crosstalk terms work as noise in the detection system and may limit the available demultiplexing ratio. The crosstalk is calculated under the following assumption.
i) Assume a signal pulse profile The incoming signal is a train of
The local pulse profile is identical to and it is located only at the zeroth signal bit.
ii) The interval between two neighboring bits is signal pulses ( to and 1 to ) yield the crosstalk. iii) The signal pulse train is coherent within the considered time region; consequently, the crosstalk terms caused by all the signal pulses are added coherently. This situation provides the worst crosstalk effect. Again, let us recall that the ideal detected signal for without the crosstalk terms is given by (25) Under iii), the above amplitude may decrease in the worst case to (26) Therefore, the variation in detected amplitude caused by the crosstalk is (27) The last approximation is valid when the total crosstalk is small. Now, we employ the following ratio between and as an index for signal degradation by the crosstalk terms:
(28) Fig. 5 depicts the values of as a function of the number of crosstalk channels for various pulse profiles and bit-to-bit intervals. For the case of the Gaussian profile, no significant crosstalk effect is seen even with a large number of channels because its electrical field drops very rapidly away from the peak. On the other hand, the Lorentzian pulse which has slowly decreasing amplitude suffers significant crosstalk degradation and can provide only a few demultiplexing channels. The profile of the used pulse is thus important in determining the demultiplexing performance.
In order to estimate the profile of our pulse generation equipment, we measured the first-order correlation as a function of the relative delay using the setup shown in Fig. 6 . The acoustic optical frequency shifter was inserted into one Fig. 7 . The dependence of the interference signal amplitude on the relative delay between the interfering pulses. The tested pulse source is the same as is used in the demultiplexing experiment shown in Fig. 8. arm of the interferometer to distinguish the interference signal from the dc factor. Although this measurement does not always provide the profile of the field amplitude, it can become a direct measure of the crosstalk terms. The tested pulse source was the mode-locked laser-diode used in the demultiplexing experiment conducted in Section IV. The result of the measurement is depicted in Fig. 7 with the theoretical curve for an ideal Gaussian profile. This result shows that the measured pulse is close to Gaussian and its crosstalk term decreases rapidly. Although the interference signal around 50 to 60 dB remains even with 100 ps delay, the measured pulse quality can be used for demultiplexing 10 3 to 10 4 channels. Fig. 8 shows the setup of the demultiplexing experiment. The lightsource delivering the signal and local pulses was a mode-locked external cavity laser diode which supplied 14 ps pulses at 3 GHz repetition rate. The shape of its power spectrum was close to Gaussian, and the measured timefrequency product (around 0.4) shows that the supplied pulse is near Fourier transform-limited. The optical multiplexing equipment, which consisted of cascaded 3 dB couplers and delay lines, synthesized the signal pulse train whose minimum pulse interval was 40 ps (25 Gbit/s). Fig. 9 . The logic gates performing the operation equivalent to the "square" and "addition" described in Fig. 1 .
IV. DEMULTIPLEXING EXPERIMENT
The local pulse beam was created from the same lightsource. About 100 m delay was added to decrease mutual coherency. This configuration allowed us to simulate frequency-controlled lights with random-phase. The repetition rate of the local pulse was decreased by up to 300 MHz which equals the demultiplexing rate by the intensity modulators whose extinction ratio was over 30 dB. After polarization control, both the signal and local pulse train were injected to the optical 90 hybrid module which was composed of a half mirror and two polarization splitters. The configuration is the same as the one that was recently used the coherent detection experiment [15] .
The operations "squaring" and "addition" were performed by the logic gates illustrated in Fig. 9 . The four comparators work as so-called widow comparators, which output the absolute value of the bipolar signal. For example, the comparator of in Fig. 9 is turned on for on the other hand, the comparator of is turned on for The operation of the -arm is similar. The OR circuit provides the sum of the signals. Consequently, the decision map of the detection scheme of Fig. 9 is as shown in Fig. 10(b) , while the decision map with the theoretical squaring operation is also shown in Fig. 10(a) . While the detection sensitivity of the decision scheme of Fig. 10(a) is slightly degraded compared with that of Fig. 10(b) because the setting of the threshold level is rather optimum in Fig. 10(b) , we do gain a benefit in that we can construct the detector with digital circuits. The above operations were performed at 300 mega operations per second. The sensitivities of the used photodetectors were around 0.95 A/W. The peak powers of the used pulses were about 50 mW both for the signal and local beams. The typical output amplitude from the 50 -loaded balanced detectors was 10 mV after equalization by low-pass filters whose cutoff frequency is 300 MHz. This signal was amplified by the dc-coupled electrical amplifier up to 0.2 V before driving the comparators. Smaller optical power will be available if large electrical gain is used. Fig. 10 shows the experimental results. Fig. 11(a) shows an example of the tested signal sequence whose bit-to-bit interval was 40 ps (equivalent to 25 Gb/s). The local pulse was injected every 3.3 ns simultaneously with the specific time-slot shown in the inset as "Demuxed bit." Consequently, the "Demuxed bit" is located every eighty-third bit in the signal pulse train. The inset in Fig. 11(a) is focused on the neighbor of the "Demuxed bit." In this signal pulse sequence, we se that the Gb/s signal pulse train used n the experiment. The inset is focused on the neighbor of the "Demuxed bits" which come on with every 83-bit nterval. In the left inset, we se that the "demuxed bit" is "1," while in the rigt inset, on the other hand, the "demuxed bit i"s "0." (b) and (c) The output of the balanced photodetector for the demultiplexed bit code of "1, 0" and "0, 1," respectively. It is seen that the traces are broadened only when the demuxed signal bit is "1." The closed eyes are because of the random varation of the relative phase differnce between the ignal and local beam. (d) The output of OR gate that shows a successful demultiplexing operation for the demultiplexed bit code of "1, 0." "demuxed bit" is "1" in the left inset, while the "demuxed bit" is "0" in the right inset.
The traces shown in Fig. 11(b) and (c) were the output of the I-arm balanced detectors, for the cases that the demultiplexed time slots were "1, 0" and "0, 1," respectively. We see that these traces are broadened longitudinally only when the "Demuxed bit" is "1." This means that the output of the balanced detector is yielded by the interference between the signal and local pulse and no current is induced when the signal pulse does not exist. The reason why these traces are closed eyepatterns is that they show the output of the single arm of the phase diversity configuration, and the induced photocurrent depends on the random phase difference between the signal and local oscillator. When the phase difference is the interferometric photocurrent is induced only in the -arm, not in the -arm.
The OR gate yields the summation of the -and -arms and provides the final output of the demultiplexing operation. The output of the OR gate is shown in Fig. 11(c) for the case of the "1, 0" sequence. The sequence correctly corresponds to the state of the demultiplexed bits of the original signal. No performance error was observed in this oscilloscope trace.
The only factor limiting the signal bit-rate is the pulse width of the local oscillator. Moreover, the restriction of the offset frequency difference between the signal and local oscillator becomes looser as the signal speed increases. Although the above experiment was performed at only 25 Gb/s, the obtained operation seems to directly support faster signals.
V. CONCLUSION
A novel method based on the interferometric crosscorrelative technique has been described for detecting very high-speed optical signals with conventional electrical circuits. No ultrafast switching is employed in the proposed method, and spectral correlation is observed through the first-order mixing of lightwaves to detect the existence of signal pulses. The limiting factor of the bit-rate is only the pulse width of the local oscillator's light. Another merit of this approach is that the lightwaves need only low power unlike ultrafast optical switching techniques such as the fiber Kerr shutter. A theoretical investigation has shown that the use of the method is plausible even when the SPM effect is caused by fiber propagation. In a experiment, a 25 Gb/s pulse train was successfully demultiplexed, for the first time to the author's knowledge, using the described method.
